Calcium transport is essential for bivalves to be able to build and maintain their shells. Ionized calcium (Ca 2þ ) is taken up from the environment and eventually transported through the outer mantle epithelium (OME) to the shell growth area. However, the mechanisms behind this process are poorly understood. across the OME and a model for this Ca 2þ transfer is presented and discussed.
eventually transported through the outer mantle epithelium (OME) to the shell growth area. However, the mechanisms behind this process are poorly understood. The objective of the present study was to characterize the Ca 2þ transfer performed by the OME of the Pacific oyster, Crassostrea gigas, as well as to develop an Ussing chamber technique for the functional assessment of transport activities in epithelia of marine bivalves. Kinetic studies revealed that the Ca 2þ transfer across the OME consists of one saturable and one linear component, of which the saturable component fits best to Michaelis-Menten kinetics and is characterized by a K m of 6.2 mM and a V max of 3.3 nM min
21
. The transcellular transfer of Ca 2þ accounts for approximately 60% of the total Ca 2þ transfer across the OME of C. gigas at environmental Ca 2þ concentrations.
The use of the pharmacological inhibitors: verapamil, ouabain and caloxin 1a1 revealed that voltage-gated Ca 2þ -channels, plasma-membrane Ca 2þ -ATPase and Na þ /Ca 2þ -exchanger all participate in the transcellular Ca 2þ transfer across the OME and a model for this Ca 2þ transfer is presented and discussed.
Introduction
Bivalve shells are composed of 95-99% calcium carbonate (CaCO 3 ), associated with organic macromolecules [1] . Calcium and carbonate ion uptake and transport to the shell-forming area are therefore essential for building and maintaining an intact shell. Since marine animals live in an environment with relatively high calcium (Ca) concentrations, the uptake and sequestration probably do not pose major limitations to the shell growth. However, the importance of Ca in many physiological processes (including biomineralization) suggests that the Ca concentration at the site of shell growth needs to be physiologically regulated [1] . In marine bivalves, the Ca needed for shell growth is taken up from the seawater in the form of Ca ions (Ca 2þ ), and the uptake mainly occurs through the gills and the mantle tissue [2] [3] [4] . The Ca is then transported within the animal to the area of shell growth likewise mainly in the ionic form [5] . This transport takes place across the mantle tissue, the organ separating the body of the animal from the shell [1] . The mantle is also responsible for secreting the organic matrix of the shell on which the CaCO 3 is deposited [6, 7] . The final transport of the shell components takes place across the outer mantle epithelium (OME), which is the outermost cell layer of the mantle that separates the body fluids from the extrapallial fluid. Several mechanisms for Ca transfer across the OME have been suggested. Ca can be transferred across the OME as Ca 2þ either paracellularly between the OME cells, or transcellularly via Ca 2þ -channels and/or transporters [8, 9] . Ca may also be bound to Ca 2þ -binding proteins intra-and/ or extracellularly, and these proteins could potentially also assist in the transfer of Ca across the OME [10, 11] . Ca transport from the haemolymph to the area of shell growth could also involve specialized haemocytes or intracellular vesicles containing CaCO 3 crystals [12] [13] [14] [15] .
Several possible Ca 2þ transporters, including the plasmamembrane Ca 2þ -ATPases (PMCA), Na þ /Ca 2þ -exchangers (NCX) and different Ca 2þ -channels, have been identified in mantle transcriptome data of the Pacific oyster Crassostrea gigas [16] , the pearl oyster Pinctada fucata [17] and the giant clam Tridacna squamosa, and in the latter the mRNA expression of PMCA increased concurrent with increased calcification [18] . However, whole tissue transcriptome data can only suggest possible mechanisms and does not provide models for function or cellular localization. Furthermore, the mantle tissue of bivalves does not seem to be homogeneous along the horizontal plane, instead three different areas have been identified by transcriptomics and histological analysis in Bathymodiolus azoricus and Mytilus galloprovincialis: the central, the pallial and the edge with the mantle folds [13, 19] . Some of the candidate transporters involved in biomineralization such as the L-type voltage-gated calcium channel subunit b (PCab) and PMCA mRNA have been localized to the mantle folds of P. fucata [4, 20] . Although the presence of mRNA for several Ca 2þ transporters has been demonstrated in the bivalve OME, the function of these transporters and a description of the Ca transporting mechanisms occurring across the OME are lacking. Understanding the role of different ion transporters and channels in the transfer of Ca 2þ across the OME for shell building is difficult without examining their physiological functions in the living tissue. The main aim of the present study was therefore to characterize different transfer routes for Ca 2þ across the OME of the C. gigas. The objectives were to (i) investigate the kinetics of passive and active Ca 2þ transfer across the OME and (ii) characterize the presence and function of different Ca 2þ transporters and/or channels in the OME of C. gigas by the use of known inhibitors for PMCAs, Na þ /Ca 2þ exchangers and Ca channels.
Material and methods (a) Animals
Adult Pacific oysters (Crassostrea gigas) with an average weight of 106.9 + 1.77 g and length of 10.4 + 0.13 cm were purchased from Huîtres Baudit, (Charente Maritime, France). They were transferred to the aquaria facilities at the Department of Biological and Environmental Sciences, University of Gothenburg, Sweden and kept in recirculated seawater at 108C before the experiments. The water in the tanks was constantly aerated, had a pH of 7.86 + 0.05, an osmolality of 753 + 60 mOsm and Ca concentrations of 7.4 + 0.4 mM. The animals were kept in the system for a maximum of two weeks before the experiment and were not fed during this time.
(b) Preparation of outer mantle epithelium
The C. gigas (n ¼ 10 for each experiment) were carefully opened by prying the shells apart from the hinge. Around 500 ml of haemolymph was drawn from the adductor muscle using a 60 mm 23 gauge needle and a sterile 1 ml plastic syringe. A 1 Â 2 cm piece of the mantle was dissected out from the left, ventral, pallial mantle tissue located close to the mantle folds ( figure 1 ). The inner mantle epithelium and connective tissue were carefully removed by blunt dissection and the remaining OME was mounted into modified Ussing chambers (figure 1) [21] .
Haemolymph total Ca concentrations were analysed using a
(e) Figure 1 . (a) The OME preparation is dissected out from the left, ventral mantle of C. gigas. (b,c) The inner mantle epithelium and connective tissue are carefully peeled away by blunt dissection, and (d,e) the OME is mounted into an Ussing chamber.
flame emission photometer (Eppendorf AG, Hamburg, Germany; model ELEX 6361) with LiCl as an internal standard.
(c) Ussing chamber methodology
Ussing chamber methodology was used to study Ca 2þ transport across the OME of C. gigas. Transfer of radiolabelled Ca 2þ ( 45 Ca), as well as electrical characteristics of the epithelium, were measured. The chambers were custom built Ussing chambers of the Grass/Sweetana type [22] , with an opening of 0.75 cm 2 [21] . A newly developed electronic Ussing chamber control and measurement system, UCC-401 (UCC-Labs Ltd, Gothenburg, Sweden), was used to assess the electrical parameters [23] . In short, this Ussing chamber measurement system applies alternating adaptive DC voltages across the mounted epithelium every 5 min using platinum electrodes. The applied voltages generate a current varying between 230 mA and 30 mA. A pair of KCl electrodes in a 3 M KCl solution continuously measures the transepithelial potential (TEP) across the epithelium via a series of agar bridges and the U/I pairs assessed are fitted to a straight line using the least square method. The slope of the line represents the transepithelial resistance (TER) and the short circuit current (SCC) is calculated as SCC ¼ 2TEP/TER. The TER mainly reflects the paracellular shunt resistance created across the tight junction proteins between the epithelial cells, while the TEP reflects the net ion distribution across the epithelium as a result of the paracellular and transcellular transfer of ions and SCC is a measure of the net active ion transport across the epithelium [23] . In addition, the paracellular permeability was assessed as apparent permeability of an inert, water soluble and radiolabelled marker molecule, 3 H-mannitol. Both half-chambers of the Ussing system were filled with 4 ml of ice-cooled oyster Ringer's solution (NaCl 447 mM, KCl 14.5 mM, MgSO 4 12.9 mM, MgCl 2 10.6 mM, CaCl 2 10 mM, NaHCO 3 3.6 mM, NaHPO 4 0.3 mM, glucose 0.3 mg ml
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). Mixing, oxygenation and pH control (7.60 + 0.01; Metronohm 744 pH meter, Switzerland) of the Ringer's solution within the half-chambers was achieved by an air-lift driven by a gas mixture of air containing 0.3% CO 2 . The transfer of radiolabelled marker molecules across the OME was assessed during the experimental period (i.e. the last 90 min), whereas the TER, TEP and SCC were measured during the entire experiment (150 min) to monitor the tissue viability as well as to assess the paracellular permeability and the active transport of the OME.
(d) Experimental design
For both experiments described below, the OME was allowed to stabilize for 60 min after mounting, after which the Ringer solution was changed (t ¼ 0). Four ml of regular Ringer was added to the right half-chamber (the shell side of the OME), while 4 ml of Ringer solution containing 0.08-0. 21 H labelled mannitol (0.56 MBq) were added to the left half-chamber (the haemolymph side of the OME). The change of Ringer solution was considered the start of the experimental period (t ¼ 0-90 min). Samples of 50 ml were taken immediately after the Ringer solution was changed (t ¼ 0) from both 'haemolymph' and 'shell' half-chambers to assess the initial and background radioactivity. Thereafter, 50 ml samples were subsequently taken from the 'shell'-side half-chamber at t ¼ 10, 15, 20, 60, 80, 85 and 90 min, to assess the transfer rate of 45 Ca as well as the appearance rate of H-mannitol. To maintain a constant osmolality of the Ringer solution, NaCl with an equal molarity was used to replace CaCl 2 when needed. Samples were taken according to the time series and post sampling treatment described above.
(ii) Effects of pharmacological inhibitors on calcium transfer across the outer mantle epithelium
The presence of ion transporters and channels was determined using a set of known pharmacological inhibitors: the voltagegated Ca channel inhibitor, verapamil; the general ATPase inhibitor, vanadate; the specific Na þ , K þ -ATPase (NKA) inhibitor, ouabain; two specific PMCA inhibitors, caloxin 1a1 and caloxin 1c2 and the specific NCX inhibitor, ORM-10103, in concentrations and exposure site as described in table 1. All stock solutions were prepared in distilled water except for ORM-10103, which was prepared in DMSO (!99.9%, Sigma-Aldrich, MO, USA). The DMSO concentrations did not exceed 0.1% in the Ussing chambers and the same concentration was also used for the control preparations for this inhibitor. Verapamil, ouabain octahydrate (! 95%), caloxins and ORM-10103 were purchased from Sigma-Aldrich (MO, USA) and Na-ortho-vanadate from Inc. Biomedicals (NY, USA). Caloxin 1a1 (amino acid sequence ACPWWSPHACGGG) and caloxin 1c2 (TAWSEVLDLLRRGGGSK) were designed based on the sequences reported in [24] and [25] .
The OME of C. gigas were prepared and mounted as described above. After the initial 60 min stabilization period, concurrent with the Ringer change and addition of 45 Ca and 3 H-mannitol (as described above), the different inhibitors were added to either the 'shell' or the 'haemolymph' half-chamber (table 1) . Samples were taken according to the same time series and post sampling treatment as described above.
(e) Calculations (i) Half-life corrections
The disintegrations per minute (DPM) obtained in the scintillation counter for 45 Ca were corrected for the radioactive decay by calculating the fraction of remaining activity using equation ( (ii) Transfer rate of Ca 2þ across the outer mantle epithelium
The starting concentration of radioactivity in the haemolymph half-chamber (DPM Â l 21 ) was divided by the concentration of Ca 2þ (2 -20 mM for kinetics experiment and 10 mM for inhibition experiments) in the Ringer solution to give the specific activity in DPM Â (mmol Ca 2þ ) 21 . The amount of DPM from the 45 Ca accumulated in the shell chambers at each time point was multiplied by 80 to achieve the total amount of DPM in the 4 ml volume. The total amount of Ca 2þ (mM) transferred was then calculated from the total DPM using the specific activity according to equation (2.2):
The slope of the Ca 2þ accumulation during 90 min was determined and the transport rate expressed as nM min 21 . The apparent permeability (P app ) of 3 H-mannitol across the OME was calculated:
in which dQ Â dt 21 describes the appearance of 
(iii) Statistical analysis
Normality and homogeneity of variances were tested for the residuals and predicted values. Data not passing the test were transformed using a log 10 transformation. The rates of calcium transport were calculated using linear regression and nonlinear regression analysis using GraphPad Prism 7 (GraphPad Software Inc, CA, USA). Linear regression analysis was used to calculate the slope of the passive transport component from haemolymph Ca 2þ concentrations !10 mM. The linear component was then subtracted from the total transport, and the remaining factor, reflecting the saturable component, was analysed using nonlinear regression analysis based on Michaelis -Menten kinetics
) 21 with least squared method, from which also the Hill constant, h, was calculated. The effect of different inhibitors compared to control preparations was evaluated by one-way ANOVA using IBM SPSS Statistics version 22 (SPSS Inc., Chicago, IL, USA). In the case of significant differences, multi-comparison, post-hoc analysis was performed using Student -Newman -Keuls test. A p-value of 0.05 was regarded as significant.
Results (a) Viability of the outer mantle epithelium tissue
The viability of the OME preparations was assessed throughout the experiments by continuous monitoring of the three electrical parameters: TER, TEP and SCC as well as by measuring P app of 3 H-mannitol across the OME ( figure 2a-d) . The P app for 3 H-mannitol was also used as an indicator of OME integrity. The threshold was set at P app ¼ 2. figure 4a ) when added to the haemolymph side. No significant effect was obtained when the inhibitor was added to the shell side.
(ii) Na-ortho-vanadate-a general ATPase inhibitor
Ortho-vanadate at a concentration of 1.0 mM decreased the total Ca 2þ transfer across the OME by 14.6% (ANOVA: F 3,34 ¼ 3.096, p , 0.040; figure 4b ) when added to the shell side. Neither lower (0.5 mM) nor higher (2.0 mM) concentrations had any effect on the Ca 2þ transfer. Effects of this inhibitor were not investigated through addition to the haemolymph side as the main target ATPase was the apically situated PMCA.
(iii) Ouabain-a specific Na
Ouabain inhibited the total Ca 2þ transfer across the OME when added to the haemolymph side (ANOVA: F 2,27 ¼ 5.658, p , 0.009; figure 4c) but had no effect when added to the shell side. Of the ouabain concentrations tested, 2 mM had a slightly more pronounced inhibition than 1 mM, 25.3% versus 22.7%.
(iv) Caloxins-plasma-membrane Ca 2þ -ATPase inhibitors transfer across the OME. The inhibitor was added to the shell side as the inhibition of the Ca 2þ transport as a result of ouabain treatment suggests an apical localization of the NCX.
Discussion
The total transfer of ionized calcium (Ca 2þ ) across the OME of C. [16] reveal the presence of this transporter in the mantle of C. gigas. However, the kinetics describing the Ca 2þ transport across the OME also fitted an allosteric sigmoidal model suggesting that there is more than one transporter present. Furthermore, the extended nonlinear regression analyses resulted in a Hill coefficient of 1.99 which in turn suggests two active transporters to be present in the OME cells. We therefore hypothesize that the transcellular transport of Ca 2þ is composed of the primary active PMCAs and a secondary active Ca 2þ transporter (e.g. an NCX on the apical side of the OME cell), in combination with facilitated diffusion across the basolateral membrane, through voltage-gated Ca 2þ channels.
At haemolymph concentrations of 8 mM Ca 2þ , as in C. gigas The present study provides the first functional study, using the Ussing chamber technology, of Ca 2þ transport across a live OME of C. gigas. The electrical parameters reached steady state within 60 min. The TER, TEP and SCC all showed stable values throughout the 90 min experiment indicating viable epithelia. The TER also provides a measure of the paracellular permeability which in invertebrates is assumed to be controlled by the septate junctions connecting the epithelial cells [27] . The C. gigas OME in the present study showed a TER of 20 -30 Ohm cm 2 , which falls in the range of values that characterize leaky epithelia [27, 28] . Ca 2þ channels are widespread mechanisms for cellular Ca 2þ uptake and respond to physical and/or chemical stimuli [29] . Verapamil, reported to inhibit both L-type and T-type voltage-gated Ca 2þ channels [30] , decreased Ca 2þ transfer across the OME by 20%, indicat that voltage-gated Ca 2þ channels are involved in the cellular Ca 2þ entry in the C. gigas OME cells. Verapamil has been demonstrated to inhibit Ca 2þ uptake from the environment into the soft tissues of M. edulis as well as to inhibit cadmium (diffusing through Ca 2þ channels) uptake in C. virginica gills [31, 32] . Voltagegated L-type Ca 2þ channels have also been located in the gills and haemocytes of P. fucata which indicates that they have a role in Ca 2þ uptake from the seawater and possibly in Ca 2þ sequestration by the haemocytes [4] . In the coral Stylophora pistillata, L-type Ca 2þ channels are suggested to be located on the calicoblastic ectoderm that is responsible for the calcification process in these animals. The Ca 2þ is suggested to be taken into the ectoderm, from which the ions are then actively transported to the calcification site [33, 34] . The present study suggests a similar localization and role for the Ca 2þ channels during oyster shell formation as the Ca 2þ transfer was only inhibited when verapamil was added from the haemolymph side of the OME. This clearly suggests that the Ca 2þ channels are located on the basolateral side of the epithelium and thus involved in the uptake of Ca 2þ from the haemolymph into the OME cells. In contrast to the Ca 2þ channels, the active Ca 2þ transporters, PMCA and NCX, are the main mechanisms for secretion of Ca 2þ out of cells [35] . In mammalian cells four PMCA isoforms, coded by different genes, exist together with additional isoforms created by alternative splicing [36] . To target specific PMCA isoforms and determine the precise role of different PMCAs in cell Ca 2þ regulation, isoform-specific PMCA inhibitors, caloxins, have been developed [37] . The caloxins have been successfully used in mammalian cell models, but to our knowledge, this is the first time the effect of caloxins has been investigated in invertebrates. In the present study, caloxin 1a1 inhibited the total Ca 2þ transfer across the OME of C. gigas with approximately 32%. As the saturable part constituted approximately 60% of the total Ca 2þ transfer, this demonstrates that the PMCAs are responsible for at least 50% of the physiologically regulated, saturable transport component in oyster OME cells. The cellular localization of the transfer in C. gigas by caloxin was apparent when added to the shell side of the epithelium. This suggests an apical localization of the PMCAs and a role in Ca 2þ secretion from the cells into the extrapallial fluid. Apical PMCAs have been demonstrated by immunofluorescence microscopy in the OME of T. squamosa [18] . In P. fucata, PMCAs have been located in the mantle edge in areas proposed to be active in both calcification and secretion of shell components and thus suggested to be involved in Ca 2þ transport to the shell growth area [13, 19, 20] .
Additionally, in the present study, vanadate inhibited the Ca 2þ transfer when added from the shell side, supporting the apical localization of PMCA in C. gigas OME cells. The inhibition of Ca 2þ transfer across the OME by the NKA inhibitor ouabain supports the existence of a Na þ -coupled Ca 2þ transporter (NCX) in the OME cells. Ouabain inhibited 25% of the total Ca 2þ transfer, which suggests that NCX also have an important role in supplying the extrapallial fluid and shell forming area with Ca 2þ . The inhibition of the NKA is only indirect evidence for the presence of NCX, and therefore ORM-10103, an inhibitor specific for mammalian NCX, was tested. ORM-10103 has previously been estimated to have an EC 50 , 1 mM [38], but in C. gigas even as high a concentration as 100 mM was without effect. This could be due to structural difference between the oyster and mammalian NCX or the presence of some other Na þ -coupled Ca 2þ -transporting mechanism in the OME of C. gigas. Similar to another investigated bivalve, A. cygnea [39] , ouabain treatment of C. gigas OME only exhibited inhibitory effects when added from the haemolymph side. The NKA is therefore most likely to be located on the basolateral side of the membrane. The probable NCX could theoretically be located on either the basolateral or the apical cell membrane but the inhibition of the total Ca 2þ transfer by ouabain clearly supports an apical localization as that is a prerequisite for secretion of Ca 2þ across the OME.
PMCAs are high-affinity, low-capacity transporters, in contrast to the NCXs, which are low-affinity and high-capacity transporters [40] . found in the haemolymph and in the extrapallial fluid, these proteins may also be involved in the transport of Ca across the OME cells [11, 46] . Furthermore, haemocytes containing CaCO 3 crystals have been suggested to be involved in Ca transport to the shell growth area [7, 12, 14] . The two latter alternative Ca transport mechanisms can, together with simple diffusion, constitute parts of the non-saturable component, which amounts to approximately 40% of the total Ca transfer. However, a contribution by the haemocytes could also be additional to the total Ca transfer assessed with the Ussing chamber method used in this study, because this methodology uses a dissected OME and artificial saline solutions which Figure 5 . A suggested model for transcellular free Ca 2þ transfer across the OME cells in C. gigas. Ca 2þ is taken into the cells from the haemolymph at the basolateral membrane through voltage-gated Ca 2þ -channels and secreted into the extrapallial fluid at the apical side by either PMCA or NCX. Additionally, Ca 2þ can transfer passively, diffusing across the OME layer through the paracellular pathway.
rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20181676 constantly flush the epithelia. This may wash away the haemocytes from the epithelial surface during preparation and/or during the Ussing chamber experiment. Although in this study transport to the sarcoplasmic reticulum was not considered, in general, it plays a large role in controlling the intracellular Ca homeostasis. In P. fucata, three different sarcoplasmic reticulum Ca 2þ -ATPase isoforms have been identified, of which one has a high expression in the gills and the mantle [47] .
Summary
In summary, a model for the epithelial transfer of free Ca 2þ across the OME of C. gigas is presented in figure 5 . This model suggests mechanisms by which the supply of Ca 2þ from the haemolymph to the extrapallial fluid for shell building can be physiologically regulated. Ca 2þ enters OME cells transport from the OME cells to the shell growth area is due to PMCA and NCX activity. When the entrance of Ca 2þ into the OME cells through Ca channels was inhibited, the total Ca 2þ transfer decreased with only 20%. As the Ca 2þ entering the cells through the Ca channels is expected to exit the cells by the activity of the PMCA and/or NCX, it is surprising to note that the inhibition by verapamil (on Ca channels) only amounted to approximately 34% of the inhibition accomplished by caloxin 1a1 and ouabain together. This difference can be explained by verapamil being less specific than the other inhibitors or by the presence of other entrance pathways for Ca 2þ into the cells. All the inhibitors used were mammalian isoform specific and the effect in invertebrates could thus be different from the previously reported EC 50 values. Additionally, only one type of Ca 2þ channel inhibitor was tested, and the existence of other Ca 2þ channels can therefore not be ruled out.
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